A variety of medicinal chemistry approaches can be used for the identification of hits, generation of leads and to accelerate the development of drug candidates. The Emory Chemical and Biology Discovery Center (ECBDC) has been an active participant in the NIH's high-throughput screening (HTS) endeavor to identify potent small molecule probes for poorly studied proteins. Several of Emory's projects relate to cancer or virus infection. We have chosen three successful examples including discovery of potent measles virus RNA-dependent RNA polymerase inhibitors, development of Heat Shock Protein 90 (Hsp90) blockers and identification of angiogenesis inhibitors using transgenic Zebrafish as a HTS model. In parallel with HTS, a unique component of the Emory virtual screening (VS) effort, namely, substructure enrichment analysis (SEA) program has been utilized in several cases.
INTRODUCTION
High throughput screening, when coupled to synthetic chemistry and computational analysis, has become an effective tool in the hit-to-lead drug discovery process on the path to the clinic. Until recently, the practice was confined to the pharmaceutical industry. However, with the emergence of highly efficient screening hardware, easily accessible compound libraries and user-friendly informatics and molecular modeling tools, the methodology has moved beyond the industrial sector [1, 2] . As a result, the NIH has made an extraordinary effort to engage academic institutions and government (NCGC) in the practice as part of the NIH roadmap to understanding and exploiting the human genome. The Emory Chemical and Biology Discovery Center (ECBDC) has been an active participant in the NIH's high-throughput screening (HTS) endeavor to identify potent small molecule probes for poorly studied proteins during the past 3 years. Several of Emory's projects relate to cancer or virus infection. Diagnostic assays have not only included targetspecific screens (heat shock protein 90 (Hsp90), estrogen α co-activator binding inhibitor, 14-3-3 protein), but also phenotypic screens (measles virus inhibitors, angiogenesis blockers in transgenic zebrafish). In addition to high-throughput screening, the Emory center integrated strong synthesis and molecular modeling teams into the program. In parallel with HTS, virtual screening (VS) has been pursued in each project. De novo design approaches have also been used in several appropriate cases. We have chosen three successful projects involving both phenotypic and non-phenotypic screening to illustrate the work and the philosophy behind it.
Discovery of Potent Measles Virus RNA-Dependent RNA Polymerase

Inhibitors
Measles virus (MV) is one of the most infectious pathogens known. In spite of the existence of a vaccine, approximately 350,000 deaths/year result from MV or associated complications. To date, Ribavirin is the only drug available for the treatment of some paramyxovirus infections [3, 4] . It has been used experimentally for the treatment of measles but with limited efficacy [5] . Recently, benzimidazo-thiazole derivatives have been reported to be more potent and less cytotoxic compared with Ribavirin against the Leningrad 16 strain, when assessed in Vero (African green monkey kidney carcinoma) cells. The most active compound in this series demonstrated a selectivity ratio (CC 50 /EC 50 ) of 245.5 compared with 14.4 for Ribavirin. [6] .
In previous work we reported the structure-based development of a MV entry inhibitor AS-48 with an EC 50 of 0.6-3.0 µM as a shelf-stable alternative ( Fig. 1 ) further attempts to increase the activity within this series of compounds proved to be problematic [7, 8] . As a consequence, we broadened our search by turning to cell-based high throughput screening (HTS) to capture small molecules capable of netting both entry inhibitors as well as compounds operating against other proteins critical for viral infection and reproduction. The exercise identified 1-methyl-3-(trifluoromethyl)-N-[4-(pyrrolidinylsulfonyl)phenyl]-1Hpyrazole-5-carboxamide 1 (SID:16677) ( Fig. 1 ) (EC 50 = 250 nM) as a well-behaved, targetspecific inhibitor of MV replication [9] . Bypassing the fusion protein, 1 represents a first-inclass non-nucleoside inhibitor of the MV RNA-dependent RNA polymerase (RdRp) complex. Singly or in combination with the fusion inhibitors, this novel compound class has high developmental potential as a potent therapeutic against MV and can possibly be employed towards further mechanistic characterization of the viral polymerase complex.
Hit Re-synthesis and SAR Study
Following-up secondary assays and independent chemical synthesis of compound 1 (16677) have demonstrated that the compound represents novel, highly potent non-nucleoside inhibitors of the MV polymerase complex with desirable drug-like properties. Hit compound 1 was prepared by coupling of 1-methyl-3-trifluoro-pyrazole-5-acetyl chloride 2 [10] with 4amino-prolidinyl sulfonamide 3 in very good yield using pyridine as base (Scheme 1).
A structure-activity profile has begun to emerge by examination of the four molecular fragments of compound 1 circumscribed in Fig. 1 ; namely the pyrazole ring on the right, the central phenyl ring, the amide linker and the pyrrolidine ring to the left. Around 100 analogs have been synthesized by modification of the four different parts of the hit. Modification of the pyrrolidine ring proved to be effective for generating active analogs. Several compounds show low nanomolar activity with very low toxicities. SAR studies of compound 1 have been described in great detail a summary of which is given below [11, 12] . Several representative compounds chosen from the previous publications are listed in Table 1 along with their antiviral activities and cytotoxicities. The best compounds in the series exhibit IC 50 around 10 nM with low cell toxicity.
Molecular Field Topology Analysis (MFTA) QSAR
A quantitative structure-activity relationship (QSAR) was developed from analogs of 1 using molecular field topology analysis (MFTA) [13, 14] this 2-D QSAR method was used to perform a topological analysis for all analogs in the training set (26 compounds), generating a molecular supergraph ( Fig. 2A) with descriptor values for each compound mapped at each atom vertex. MFTA was then used to perform PLS-based correlation statistics to generate predictive QSAR models. Leave-25%-out cross validation allowed assessment of predictivity for a variety of descriptor sets. The best model (Q 2 =0.66, R 2 =0.77, RMSE=0.49) was obtained with descriptors for Gasteiger-Marsili atomic charge (Q), the effective environment van der Waal radius (R e ), and group lipophilicity based on the sum of the Ghose-Crippen atomic contributions for an atom and attached hydrogens (L g ) ( Fig. 2B, blue points ). An explicit test set (7 compounds) with a range of activities and diverse structures was mapped onto the previously generated molecular supergraph and their descriptor values calculated. These values were applied to the QSAR equation and the test set activities were predicted reasonably well (R 2 =0.45, RMSE=0.86) ( Fig. 2B , red points).
In conclusion, high-throughput screening followed by chemical synthesis has provided the first highly potent small molecule blockers of the measles virus accompanied by low cell toxicity. Synthetic modification of hit compound 1 yielded several derivatives bearing subnanomolar activity with low toxicity. The best compound in this series, namely the eightmembered ring analog 1c, shows an EC 50 around 5 nM with no detectable toxicity. This behavior is captured by a three-descriptor QSAR model developed using molecular field topology analysis (MFTA). This novel compound class can possibly be employed towards further mechanistic characterization of the viral polymerase complex and has high developmental potential as a potent therapeutic against MV.
Identification of Heat Shock Protein 90 Inhibitors by FP assay
The heat shock protein 90 (Hsp90) is a ubiquitously expressed molecular chaperone. In cells, Hsp90 functions as a multiprotein chaperone complex with co chaperones such as Hsp40, Hsp70, HOP, TRP1 and TPR2A [15, 16] . Intrinsically Hsp90 possess the ATPase activity. Upon ATP binding and hydrolysis, the co-chaperone complex turns into a mature chaperone complex with additional protein members such as p23, which then catalyses the conformational maturation of client protein substrates [17] . These client proteins are involved in various cellular pathways such as cell-cycle regulation, signal-transduction and apoptosis. For example, several signature cancer proteins such as Akt, Raf-1, HER-2, ErbB2 and p53 heavily depend on the Hsp90-chaperone complex for their stability and maturation [18] . As a result, Hsp90 has emerged as an important biological target for the treatment of cancer, while its implications in neurodegeneration, viral and fungal infections are being explored [19] .
Numerous efforts are underway to find inhibitors of Hsp90 and its chaperone function. So far, the natural product geldanamycin analog, 17AAG is showing promising anti-cancer activity in clinical trials [20] while several other compounds derived from purely synthetic sources have also generated lead compounds for clinical evaluations [21, 22, 23, 24] . These compounds were found to bind at the same ATP-binding pocket located at the N-terminal domain of the Hsp90. They exert their anti-proliferative activity through Hsp90 inhibition, followed by subsequent degradation of Hsp90 client proteins.
Various bioassays have been developed to identify novel inhibitors of Hsp90 [25] . Most of these assays are amenable to HTS, since they report the interaction of a small molecule with recombinant Hsp90 α or -β. These proteins are derived from yeast or human normal cells, respectively, in which Hsp90 is found to be in a latent, low-affinity form, compared to the high-affinity state present in tumor cells [26] . One way to determine the therapeutically relevant state of Hsp90 is to develop an assay that makes use of lysates derived from human cancer cells instead of recombinant protein. The former permits direct measurement of the interaction between small molecule and tumor-specific Hsp90. Such an assay is capable of leading to identification of molecules that are specific for tumor cell Hsp90. Under the MLSCN program, we developed such an FP assay for HTS and screened 65,000 compounds (early NIH-DPI collection). The screen generated 223 primary hits at a single concentration. Only 6 of the compounds shown in Fig. 3 passed the dose response test with an IC 50 in the sub-micromolar to low micromolar range ( Table 2) .
Compound 1, known as quinocide, was reported to be a promising anti-malarial agent [27]. It's simple and modular structure is ideally suited to treatment by combinatorial methods. Hit compounds 2 and 3 are analogs of the antitumor drug doxorubicin and have been well studied. Due to the complexity of analog synthesis, this molecular class was not given a priority for synthetic attention in our center. The pyrimido-1,2,4-triazine-5,7-dione class of compounds, 4 and 5, are known for their redox-based inhibition when using DTT, DCEP and other non-thiol-reducing agents [28] . The series is promiscuous and constantly selected as "phony hits" in high-throughput screening. Compound 6 was likewise judged to be an unattractive candidate for investigation. Nonetheless, we placed hits 2-6 in the NIH market place for consideration by the MLSCN community as potential entities for further exploration.
For the optimization of hit 1, we performed 2D-Tanimoto similarity searching [29] in several commercial databases followed by selective compound purchase. Designed derivatives were also synthesized as depicted in Scheme 1 based on the 6-methoxy-8aminoquinoline scaffold of hit 1. A number of 6-methoxyquinolines and 6hydroxyquinolines with 8-alkylamino chains were identified as potent Hsp90 inhibitors 
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Author Manuscript during this optimization process. Some of these were provided by courtesy of the NCI. From this set, the four compounds shown in Fig. 6 have emerged as active in both FP and WB assays with IC 50 values in the low micromolar range ( Table 2) . However, the Ki values derived from the FP assay for compounds 14 and 15 were in the low nanomolar range, while 12 and 13 showed micromolar Ki value ( Fig. 4 ).
Although the NCI compounds 12-15 showed western blot activities in the low micromolar range (1-4 µM), only compound 15 has reproduced this activity by degrading the HER-2 client protein after re-synthesis (Scheme 2). The compound also showed approximately equal IC 50 and Ki values measured by the FP assay as shown in Table 2 and Figure 5 [30] .
In the meantime to confirm its activity, hit compound 1 was re-synthesized in both neutral and dihydrochloride salt forms using a previously reported procedure [31] to confirm its activity. Surprisingly, both synthesized forms of 7 showed only moderate biological activity in either assay by comparison with the original sample (1, collected from Discovery Partner International (DPI)). Likewise all the synthetic derivatives depicted in Scheme 1, including 4-chloroquinocide 9 and a structural homolog primaquine (7), were found be inactive in the FP assay. To resolve this discrepancy, the activities of several batches of quinocide HCl stock solutions (stored for various periods of time) were assayed to show increased activity with prolonged storage. The purity of the original DMSO stock solution of quinocide HCl salt was examined and compared to that of the resynthesized hit compound by LC/MS analysis. By careful analysis of the LC/MS data, one major impurity was detected from the DPI stock solution. Further research to identify, characterize, optimize and biologically evaluate this active degradant is underway and will be published separately.
Molecular modeling was also performed to aid synthetic efforts in optimizing the activity of the aminoquinolines by providing a 3D visualization of the protein-ligand interactions. We have hypothesized that the aminoquinolines bind to the N-terminal region based on their activity in the in vitro FP assay, which suggests that they bind competitively with the known N-terminal inhibitor, geldanamycin. X-ray crystallography was used by previous investigators to solve the binding modes of five structurally diverse N-terminal Hsp90 inhibitor classes. All are currently available from the Protein Databank [32] . (PDB Codes: 1YET, 1BGQ, 2BRE, 2BZ5, & 2FWZ) [33, 34] . The observed protein-ligand interactions in these crystal structures were used as guides to model the aminoquinolines into the Nterminal ATP-binding site. Despite the wide structural diversity of these five inhibitors, it was observed that they share interaction in at least two regions of the pocket: a hydrophobic cluster consisting of residues M98, L103, L107, F138, Y139, V150, and W162, and a hydrogen-bonding cluster consisting of Asp93 and crystallographic waters, Wat02 and Wat18 (Numbering based on Protein Databank (PDB) code: 2FWZ).
Schrodinger's Induced Fit protocol [35] was used to dock hit 15 into the ATP-binding pocket of Hsp90. The receptor's atomic coordinates were downloaded from the Protein Data Bank (pdb code: 2FWZ). Restraints were implemented to maintain hydrogen-bonding interaction with crystallographic water 02. All graphic renderings were generated using PyMol (DeLano Scientific).
Results of the induced fit docking for hit compound 15 are shown in Figure 7 overlapped with the experimentally determined pose of the known Hsp90 inhibitor, PU-H71. The latter (green) is a potent Hsp90 N-terminal inhibitor that shows nanomolar activity in the FP and western blot assays and is currently used as a control in both. The X-ray crystal model shows that PU-H71 maintains hydrogen-bonding interactions with Asp93, Thr184 (not labeled), Wat02, and Wat18. PU-H71 also fills the hydrophobic pocket with an aryl group. Docking results suggest compound 15 also maintains hydrogen-bonding interactions with Asp93, Wat02, and Wat18. The substance also fills the hydrophobic cavity with its long alkyl side chain as well as maintaining an additional hydrogen bond with Tyr139. The docking model shows that the planar PU-H71 adenine and compound 15's quinoline moieties display planar overlap in the binding site. The model suggests that potential replacement of the alkyl side chain with an aryl group has the potential to maintain interaction with the hydrophobic site as well as to reduce the conformational variability inherent in the long flexible side chain.
To conclude, we have identified hit 1 as an Hsp90 inhibitor by using an HTS based fluorescent polarization assay. Follow-up derivative design, synthesis and SAR study delivered 15 as the most promising inhibitor in the series with IC 50 in the low micromolar range in both FP and cell-based western blot assays. The use of aminoquinoline 15 as a lead for further SAR exploration may well yield optimized and therapeutically useful molecules.
Discovery of Novel Angiogenesis Inhibitors Using Transgenic Zebrafish as a High-throughput Screening Model
Angiogenesis plays a significant role in tumor progression and metastasis of the great majority of human solid tumors. Therefore, the angiogenesis process could be an important therapeutic target for the treatment of a variety of diseases, including cancer, macular degeneration, psoriasis, and diabetic retinopathy [36] . For example, solid tumors require an adequate supply of blood vessels in order to survive, grow and metastasize [37, 38] . Thus, as a therapeutic strategy, depriving a tumor of its vascular supply by means of anti-angiogenic agents has attracted attention since its proposal in the 1970s. In addition, a link between angiogenesis and Alzheimer's disease has also been postulated recently possibly opening another clinical use for anti-angiogenesis drugs [39] .
Several in vitro and in vivo angiogenesis assays are currently being used for drug discovery. Each of these assays has distinct advantages and disadvantages [40, 41] . However, most in vitro assays are amenable to high throughput screening format but lack the biological complexity of in vivo systems. Animal models, including the chick chorioallantoic membrane assay, corneal neovascularization assay and Matrigel plug assay preserve biological complexity but are costly and low throughput. In addition, genetic manipulation, such as gene knockout/knockdown and over expression, is not feasible for most in vivo assays. Therefore, there is demand for a novel angiogenesis assay that combines the relevance of an in vivo environment with the potential for moderate-to-high throughput drug screening and rapid gene knockdown.
In collaboration with Zygogen, LLC, we developed the first quantitative, automated assay for antiangiogenic compound identification using zebrafish embryos. The zebrafish is a well-accepted model for the study of vertebrate development [42] . Transgenic zebrafish expressing green reef coral fluorescent protein (GRCFP), under the control of the vascular endothelial growth factor receptor 2 gene (VEGFR2, also referred to as Flk-1 or KDR) for blood vessels restricted expression, were used for this assay [43] . A schematic of the assay is shown in Fig. 8 . As a result of screening the LOPAC library (1280 compounds), three hits were identified in this screen, representing a 0.23% hit rate. Two known angiogenesis inhibitors (SU4312, a VEGFR and platelet derived growth factor receptor antagonist, and AG1478, an epidermal growth factor receptor antagonist) were identified as hits. A third compound with no previously known antiangiogenic activity, indirubin-3'-monoxime (IRO, CID 5326739), was also identified.
IRO inhibits angiogenesis in zebrafish embryos with an IC 50 of 0.31 µM and inhibits two major components of the angiogenic process, endothelial tube formation and cell proliferation, but does not significantly affect endothelial cell migration in human endothelial cells assay. This part of the work has been included in a previous publication ( Table 3 ) [44] .
The hit compound 1 (IRO), and some of its analogs are reported to be inhibitors of glycogen synthase kinase 3 beta (GSK-3β), cyclin-dependent kinases Cdk1 and Cdk5 [45, 46] . However, their antiangiogenic activity have not been reported previously. Encouraged by this previous result, we commenced structural modification to explore the structural features around IRO that are important for anti-angiogenic activity to discover novel and more potent angiogenesis inhibitors structurally related with IRO. Modifications of IRO were made to both phenyl rings, namely sector A, C, and the 3'-oxime part (sector C) as shown in Scheme 4. A total of 34 analogs were designed and synthesized as a small focused library for testing in the zebrafish angiogenesis assay. According to a published paper, a new class of 3'substituted 7-halogenoindirubins induced cell death in a diversity of human tumor cell lines, and it was suggested that some indirubins may interact with new, yet unidentified, target proteins, distinct from their well characterized targets such as CDKs and GSK-3 [47] . We applied this strategy in the context of our new design and synthesized a small focused library of indirubin derivatives of 5-or 7-substituted indirubins with various substitutions on position 3' based on the reported synthetic procedure [48] . The chemical structure of IRO, representative modification strategy and synthesis of IRO derivatives are shown in Scheme 4.
During the course of structural modification for IRO 1, 5-or 7-substituted indirubins (2, 3, and 4) were identified as potential antiangiogenic agents against the zebrafish angiogenesis model ( Table 4) . Compounds 3 and 4 were structurally novel and potent. Substitution of fluoride at the 7-position or methyl at the 5-position maintained the antiangiogenic activity with IC 50 values less than 1µM. Adding a bromide group (compound 10) at the 5'-position diminished activity compared with IRO. Introducing other functional groups such as chloride, nitro, sulphonic acid at the same 5-or 7-position reduced inhibition activity.
Interes-tingly, compound 14 is a well known potent inhibitor of Cdk1 (IC 50 = 5 nM), Cdk5 (IC 50 = 7 nM) and glycogen synthase kinase-3β (GSK-3β; IC 50 = 80 nM) similar to IRO. 
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However, it was inactive in the zebrafish angiogenesis assay. This implies that the kinase activity might not be related to antiangiogenic activity in this model.
As a conclusion, we identified the antiangiogenic activity of indirubin-3'-monoxime (IRO) using an in vivo zebrafish angiogenesis assay by screening the LOPAC library. Utilizing a small focused library which was designed and synthesized based on IRO, we also discovered several novel synthetic analogs which show levels of inhibition similar to IRO against zebrafish angiogenesis. Further biological evaluation of newly discovered synthetic derivatives and ligand-based novel scaffold generation based on IRO is underway to develop more potent antiangiogenic agents.
Substructure Enrichment Analysis (SEA)
When examining the results of a primary HTS screen, such as the Hsp90 primary FP screen shown in Fig. 9 , the investigator often establishes an arbitrary cutoff that designates the actives from the inactives. The figure illustrates the existence of around 100 hits between 50-100% inhibition in the present case. In general, we choose those hits above 50% for secondary assay evaluation. While one expects the majority of false positives to fall between the three standard deviation and 50% inhibition lines, many are present above the 50% line as well. Generally, the latter false positives are sufficiently structurally unrelated to be of no informative SAR value for future medicinal chemistry work. Alternatively, it would be ideal to be able to identify groups of compounds that share a common scaffold and send them into secondary assays instead. This would offer medicinal chemistry groups the advantage of correlating varying activity levels with functional group differences observed around a common structural core.
The SEA program is a unique component of the Emory virtual screening effort. It is an approach to discovering molecular fragments or scaffolds that confer an advantage to a group of molecule experimentally screened in a large scale assay. Its current application is to examine primary assay data in such a way as to distinguish structural scaffolds that represent true positives from false positives, which are well known to be highly prevalent in primary HTS screens.
The SEA protocol identifies and aggregates all compounds having a specific shared substructure. The aggregates can be determined to be true positives or false positives based on their biological responses. Aggregates with a range of activity are likely to be true positives since the slight variance in activity may be due to functional changes, an example of which is shown in Fig. 9B . However, aggregates with essentially base levels of activity are most likely inactive scaffold classes (Fig. 9C) .
Analysis of the NIH compound library showed that analogs of a known Hsp90 inhibitor resided in the library. This provided an opportunity to test the SEA algorithm. Fragment S11 was used as a query for SEA, and the results of the SEA analysis are shown in Fig. 9D .
Compounds containing scaffold S11 vary in their percent inhibition values, suggesting that this scaffold is an excellent lead compound for synthetic workup. In fact, this structural element has been exploited effectively by the Workman group and has spawned a clinical candidate [48] .
The first step in implementing SEA is to computationally fragment the structures of the screening library into its scaffold components. The fragment algorithm currently used is available from Pipeline Pilot's fragmentation module [29] . Different fragmentation parameters should be considered to avoid overly simplistic scaffolds (methane, benzene, etc) as well as to keep the scaffolds from being highly complex. Library compounds are then grouped according to a shared scaffold. Finally, the assay data is averaged for each scaffold group to determine whether any scaffold set shows an advantage over other scaffolds in the screen.
The output of the program is a list of mean scores, one for each scaffold, along with a pvalue describing the significance of the difference of means. These data may be used as-is to determine which scaffolds show an advantage in a single screen, or the data can be combined with results from SEA analyses on other assays to form a "fingerprint" of the substructure against a range of assays. Structures of aminoquinolines obtained from the NCI showed activity in both FP and WB assays 
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Author Manuscript A) The primary HTS screening results of Hsp90, AID 429. Yellow dots denote a single compound and their relative percent inhibition in the Hsp90 FP assay. The arbitrary cutoff in this procedure was 3 standard deviations above the mean, which is denoted by the dashed red line. B) Hsp90 results highlighting compounds containing scaffold 132, which is highlighted in red. The percent inhibitions of this aggregate are varied, suggesting structural differences around the common scaffold are affecting protein-ligand interactions. C).
Compounds containing scaffold 1 are highlighted in blue. SEA analysis of the results show a lone compound with inhibitory activity of ~50%. This suggests scaffold 1 is probably not responsible for the observed Hsp90 activity and is potentially an artifact given that all other compounds containing scaffold 1 show baseline activity. D). Test case for the SEA analysis. Scaffold S11 is a fragment of a known Hsp90 inhibitor identified previously by the Workman Group. 33 Compounds containing the S11 scaffold are highlighted in blue.
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